The chiral crystal of enantiomeric (S)-N-3,5-di-tert-butylsalicylidene-1-phenylethylamine in the enol form [enol-(S)-1] undergoes a reversible single-crystal-to-single-crystal (SCSC) phase transition at T c ≈ 3 • C from the room temperature α-form in orthorhombic space group P2 1 2 1 2 1 (Z = 1) to the low temperature β-form in the monoclinic space group P2 1 (Z = 2) with a thermal hysteresis of approximately 1.7 • C. A detailed comparison of the crystal structures of the α-and β-forms revealed that the 5-tert-butyl group of one molecule in the asymmetric unit of the β-form rotated by ca. 60 • , and the dihedral angle between the phenyl and salicyl planes increased slightly in the β-form crystal. However, the changes in the molecular conformation and packing arrangement are small, which leads to the reversible SCSC phase transition with no destruction of the crystal lattice. The dielectric constant along the b-axis was small, probably due to the weak intermolecular interactions in the crystals.
Introduction
A single-crystal-to-single-crystal (SCSC) phase transition is defined as a micro-mutual transformation in crystal structure with no destruction of the crystal lattice. A reversible SCSC phase transition can occur when the changes in the molecular conformation and packing arrangement in the crystal are very small at the phase transition, so there are no cracks or breaks in the crystal. Hence, the reversible SCSC phase transition is a fascinating phenomenon because of its potential applications in ferroelectric and switchable dielectric devices [1] [2] [3] . Several molecular crystals that undergo temperature-induced reversible SCSC phase transition have been reported [4] [5] [6] [7] [8] [9] [10] .
Chiral (S)-N-3,5-di-tert-butylsalicylidene-1-phenylethylamine in the enol-form [enol-(S)-1] has a photochromic nature in the crystalline state caused by photoinduced proton transfer [11] . The plate-like enol-(S)-1 crystals bend reversibly upon ultraviolet (UV) irradiation [12] . Recently, we reported the chiroptical and optical anisotropic properties of photomechanical enol-(S)-1 crystals before and under UV irradiation [13] . In the course of this study, we discovered that the chiral enol-(S)-1 (Scheme 1) crystal underwent a reversible SCSC phase transition from the room temperature
Results and Discussion
The compound enol-(S)-1 was synthesized as reported previously [15] . Single crystals were obtained by slow evaporation of a solution in 2-propanol at room temperature. Differential scanning calorimetry (DSC) of enol-(S)-1 was performed over the temperature range from 10 to −10 °C at a rate of 2 °C·min −1 with cooling initially and then heating ( Figure 1 ). Cooling the crystalline sample of enol-(S)-1 had an exothermic peak at 2.2 °C. The phase transition started at 2.7 °C and ended at 0.1 °C. Heating the crystalline sample of enol-(S)-1 had an endothermic peak at 3.9 °C. The reverse phase transition began at 3.6 °C and ended at 4.8 °C. The sharp shapes of these two peaks and the thermal hysteresis of 1.7 °C reveal a first-order phase transition. The enthalpy at the exothermic and endothermic peaks was −0.69 and 0.67 kJ·mol −1 , respectively. This small thermal hysteresis might be a general feature of SCSC transition because small hysteresis was reported also in the previous papers [4, 7, 10] . DSC curves in wide temperature ranges indicated no existence of additional phase transition ( Figure S1 ). Figure 2 shows the variable-temperature unit cell determination of enol-(S)-1 using a single crystal over the temperature range from −50 to +50 °C at 10 °C intervals with initial heating and then cooling. The length of the a-axis changed discontinuously between 0 and 10 °C on heating and cooling; the differences were 0.06 and 0.07 Å, respectively (Figure 2a ). Angle β also changed 
The compound enol-(S)-1 was synthesized as reported previously [15] . Single crystals were obtained by slow evaporation of a solution in 2-propanol at room temperature. Differential scanning calorimetry (DSC) of enol-(S)-1 was performed over the temperature range from 10 to −10 • C at a rate of 2 • C·min −1 with cooling initially and then heating (Figure 1 ). Cooling the crystalline sample of enol-(S)-1 had an exothermic peak at 2.2 • C. The phase transition started at 2.7 • C and ended at 0.1 • C. Heating the crystalline sample of enol-(S)-1 had an endothermic peak at 3.9 • C. The reverse phase transition began at 3.6 • C and ended at 4.8 • C. The sharp shapes of these two peaks and the thermal hysteresis of 1.7 • C reveal a first-order phase transition. The enthalpy at the exothermic and endothermic peaks was −0.69 and 0.67 kJ·mol −1 , respectively. This small thermal hysteresis might be a general feature of SCSC transition because small hysteresis was reported also in the previous papers [4, 7, 10] . DSC curves in wide temperature ranges indicated no existence of additional phase transition ( Figure S1 ).
Crystals 2017, 7, 7 2 of 10 occurrence because it occurs between two enantiomorphic phases, which also mean noncentrosymmetric phases. The properties such as ferroelectricity, piezoelectricity, and second-order optical nonlinearlity are allowed in a noncentrosymmetric structure. Other noncentrosymmetric SCSC transitions have been previously reported [14] . We discuss a possible mechanism for the enantiomorphic SCSC phase transition based on the crystal structure changes between the α-and β-forms. The temperature dependence of the dielectric constant in the single crystalline state was also measured.
The compound enol-(S)-1 was synthesized as reported previously [15] . Single crystals were obtained by slow evaporation of a solution in 2-propanol at room temperature. Differential scanning calorimetry (DSC) of enol-(S)-1 was performed over the temperature range from 10 to −10 °C at a rate of 2 °C·min −1 with cooling initially and then heating (Figure 1 ). Cooling the crystalline sample of enol-(S)-1 had an exothermic peak at 2.2 °C. The phase transition started at 2.7 °C and ended at 0.1 °C. Heating the crystalline sample of enol-(S)-1 had an endothermic peak at 3.9 °C. The reverse phase transition began at 3.6 °C and ended at 4.8 °C. The sharp shapes of these two peaks and the thermal hysteresis of 1.7 °C reveal a first-order phase transition. The enthalpy at the exothermic and endothermic peaks was −0.69 and 0.67 kJ·mol −1 , respectively. This small thermal hysteresis might be a general feature of SCSC transition because small hysteresis was reported also in the previous papers [4, 7, 10] . DSC curves in wide temperature ranges indicated no existence of additional phase transition ( Figure S1 ). X-ray crystallographic analysis of enol-(S)-1 was performed at 10 °C and −50 °C ( Table 1 ). The α-form (10 °C) crystallizes in the orthorhombic space group P212121, which is similar to the finding in a previous report [12] . The β-form (−50 °C) belongs to the monoclinic space group P21. After the phase transition from the α-form to the β-form, the lengths of the a-and b-axes decreased by −0.09927 Å (−1.57%) and −0.2352 Å (−0.67%), respectively, while that of the c-axis increased by +0.04083 Å (+0.41%). Overall, the volume decreased by −42.51 Å 3 (−1.94%). The powder X-ray diffraction (XRD) pattern at room temperature was coincident with the calculated XRD pattern from the single crystal structure of the α-form, revealing no existence of additional phase transition ( Figure S2 ). X-ray crystallographic analysis of enol-(S)-1 was performed at 10 • C and −50 • C ( Table 1 ). The α-form (10 • C) crystallizes in the orthorhombic space group P2 1 2 1 2 1 , which is similar to the finding in a previous report [12] . The β-form (−50 • C) belongs to the monoclinic space group P2 1 . After the phase transition from the α-form to the β-form, the lengths of the a-and b-axes decreased by −0.09927 Å (−1.57%) and −0.2352 Å (−0.67%), respectively, while that of the c-axis increased by +0.04083 Å (+0.41%). Overall, the volume decreased by −42.51 Å 3 (−1.94%). The powder X-ray diffraction (XRD) pattern at room temperature was coincident with the calculated XRD pattern from the single crystal structure of the α-form, revealing no existence of additional phase transition ( Figure S2 ). Figure 3 shows the Oak Ridge Thermal Ellipsoid Plot (ORTEP) drawings and molecular conformations of the α-and β-form crystals. There is one crystallographically independent molecule (A) in the α-form crystal ( Figure 3a) ; the 5-tert-butyl group (brown color) is disordered in the 0.217 occupancy. The β-form crystal consists of two crystallographically independent molecules (B and C) in the asymmetric unit (Figure 3b,c) . The 5-tert-butyl groups (brown color) of both molecules are disordered in the 0.229 (B) and 0.245 (C) occupancies, respectively.
Crystals 2017, 7, 7 4 of 10 Figure 3 shows the Oak Ridge Thermal Ellipsoid Plot (ORTEP) drawings and molecular conformations of the α-and β-form crystals. There is one crystallographically independent molecule (A) in the α-form crystal ( Figure 3a) ; the 5-tert-butyl group (brown color) is disordered in the 0.217 occupancy. The β-form crystal consists of two crystallographically independent molecules (B and C) in the asymmetric unit (Figure 3b,c) . The 5-tert-butyl groups (brown color) of both molecules are disordered in the 0.229 (B) and 0.245 (C) occupancies, respectively. The dihedral angle between the phenyl and salicyl plane in molecule A of the α-form is 41.06°. The corresponding dihedral angles increase slightly to 46.82° and 43.97° in the B and C molecules of the β-form, respectively. The analogous salicylideneaniline crystals can cause a photochromic reaction when the dihedral angle between the phenyl and salicyl planes exceeds 30° [16] . Therefore, the β-form crystal should also have a photochromic nature to the trans-keto-form with UV irradiation.
The most significant change in the molecular conformation with the phase transition is that the 5-tert-butyl group (red color) of molecule C (Figure 3f ) in the β-crystal rotates by around 60° from the original position (green) of molecule A (Figure 3d ) in the α-crystal, whereas the 5-tert-butyl group (green) of molecule B (Figure 3e ) does not rotate. In comparison, the conformations of the 3-tert-butyl groups in molecules B and C do not change drastically from that in molecule A after the phase transition. The torsion angles are shown in Table 2 . [16] . Therefore, the β-form crystal should also have a photochromic nature to the trans-keto-form with UV irradiation.
The most significant change in the molecular conformation with the phase transition is that the 5-tert-butyl group (red color) of molecule C (Figure 3f ) in the β-crystal rotates by around 60 • from the original position (green) of molecule A (Figure 3d ) in the α-crystal, whereas the 5-tert-butyl group (green) of molecule B (Figure 3e ) does not rotate. In comparison, the conformations of the 3-tert-butyl groups in molecules B and C do not change drastically from that in molecule A after the phase transition. The torsion angles are shown in Table 2 . In the α-form crystal, four A molecules (yellow) exist in a unit cell (Figure 4a ), and a pair of A molecules is arranged in a two-fold helical manner along all axes (Figure 4a-c) to form a herringbone structure along the a-axis (Figure 4c ). In the β-form crystal, two B molecules (light pink) and two C molecules (light blue) coexist in a unit cell, and two pairs of B and C molecules are arranged in a two-fold helical manner along the b-axis (Figure 4d ). The B and C molecules are arranged alternately along the a-axis to form a pseudo-herringbone structure (Figure 4f ). In the α-form crystal, four A molecules (yellow) exist in a unit cell (Figure 4a ), and a pair of A molecules is arranged in a two-fold helical manner along all axes (Figure 4a-c) to form a herringbone structure along the a-axis (Figure 4c ). In the β-form crystal, two B molecules (light pink) and two C molecules (light blue) coexist in a unit cell, and two pairs of B and C molecules are arranged in a two-fold helical manner along the b-axis (Figure 4d ). The B and C molecules are arranged alternately along the a-axis to form a pseudo-herringbone structure (Figure 4f ). We discuss a possible mechanism for the reversible SCSC phase transition, based on the changes in the molecular conformation and packing arrangement on the (001) face of the α-and β-form crystals ( Figure 5 ). The 5-tert-butyl groups of the A molecules of the right column rotate by approximately 60 • (red circular arrow, Figure 5a ) at the phase transition point T c ≈ 3 • C under cooling; consequently, the A molecules of the right column change into C molecules (Figure 5b) . However, the A molecules of the left column do not rotate at T c under cooling; consequently, the A molecules of the left column change into B molecules (Figure 5b) . Hence, two crystallographically independent molecules (B and C) are generated by these asymmetrical conformation changes in a pair of A molecules.
As described above, the dihedral angle 41.6 • between the phenyl and salicyl planes in molecule A increases slightly to 46.82 • and 43.97 • in molecules B and C, respectively. Accordingly, the salicyl rings of the A molecules rotate slightly so that they are almost perpendicular to the (001) face (light blue circular arrow, Figure 5a ). The dihedral angle between the salicyl plane and the (001) face increases from 80.94 • (A) to 85.90 • (B) and 81.39 • (C). These conformation changes from A to B and C cause the loss of helical axes along the a-and c-axes, which induces the reordering of the packing arrangement from the orthorhombic space group P2 1 2 1 2 1 (α-form) to the monoclinic space group P2 1 (β-form).
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We discuss a possible mechanism for the reversible SCSC phase transition, based on the changes in the molecular conformation and packing arrangement on the (001) face of the α-and β-form crystals ( Figure 5 ). The 5-tert-butyl groups of the A molecules of the right column rotate by approximately 60° (red circular arrow, Figure 5a ) at the phase transition point Tc ≈ 3 °C under cooling; consequently, the A molecules of the right column change into C molecules (Figure 5b) . However, the A molecules of the left column do not rotate at Tc under cooling; consequently, the A molecules of the left column change into B molecules (Figure 5b) . Hence, two crystallographically independent molecules (B and C) are generated by these asymmetrical conformation changes in a pair of A molecules.
As described above, the dihedral angle 41.6° between the phenyl and salicyl planes in molecule A increases slightly to 46.82° and 43.97° in molecules B and C, respectively. Accordingly, the salicyl rings of the A molecules rotate slightly so that they are almost perpendicular to the (001) face (light blue circular arrow, Figure 5a ). The dihedral angle between the salicyl plane and the (001) face increases from 80.94° (A) to 85.90° (B) and 81.39° (C). These conformation changes from A to B and C cause the loss of helical axes along the a-and c-axes, which induces the reordering of the packing arrangement from the orthorhombic space group P212121 (α-form) to the monoclinic space group P21 (β-form). The rotation of the salicyl rings toward the perpendicular to the (001) face leads to closer packing in the direction along the a-axis. As a result, the length of the a-axis shrinks discontinuously from 6.3058 to 6.2065 Å at the transition point, Tc. Before the phase transition, a weak intermolecular CH-π interaction forms between the Schiff base and the phenyl plane of the A molecules in the α-form; the distance is 2.881 Å (black dotted line, Figures 5a and 6a) . After the phase transition to the β-form, the distances of the CH-π interactions between the B and C molecules shorten to 2.823 and 2.846 Å, respectively (Figures 5b and 6b) . However, the changes in molecular conformation and the reordering of the packing arrangement are very small, which leads to the reversible SCSC phase transition with no destruction of the crystal lattice. The rotation of the salicyl rings toward the perpendicular to the (001) face leads to closer packing in the direction along the a-axis. As a result, the length of the a-axis shrinks discontinuously from 6.3058 to 6.2065 Å at the transition point, T c . Before the phase transition, a weak intermolecular CH-π interaction forms between the Schiff base and the phenyl plane of the A molecules in the α-form; the distance is 2.881 Å (black dotted line, Figures 5a and 6a) . After the phase transition to the β-form, the distances of the CH-π interactions between the B and C molecules shorten to 2.823 and 2.846 Å, respectively (Figures 5b and 6b) . However, the changes in molecular conformation and the reordering of the packing arrangement are very small, which leads to the reversible SCSC phase transition with no destruction of the crystal lattice. The SCSC phase transition should lead to an anomalous change in the dielectric constant. Millimeter-size square plate α-form crystals of enol-(S)-1 were obtained by slow evaporation of the 2-propanol solution at room temperature. The top surfaces were identified as the (010) and (0-10) faces by X-ray crystallography analysis. Hence, the dielectric constant of the depth direction along the b-axis was measured. A square plate crystal (5.4 × 4.8 × 0.7 mm long × wide × thick) was fabricated by coating the (010) and (0-10) top surfaces with a silver-based conductive paste, and enameled copper wires were attached to both top surfaces (Figure 7a,b) . The temperature dependence of the real part of the dielectric constant εr was measured along the b-axis at 1 kHz (see the Experimental Section). The T-εr curve revealed two step-like dielectric anomalies at around 3.4 and 3.9 °C upon cooling and then heating, respectively (Figure 7c ), in agreement with the DSC results ( Figure 1 ). These results also indicate that the transition is a first-order structural phase transition. The dielectric constant εr increased from 2.636 to 2.671 (+1.33%) on cooling from 5.7 °C to 1.3 °C (Figure 7c) . From the temperature dependence of the lattice constants in Figure 2 , the surface area of The SCSC phase transition should lead to an anomalous change in the dielectric constant. Millimeter-size square plate α-form crystals of enol-(S)-1 were obtained by slow evaporation of the 2-propanol solution at room temperature. The top surfaces were identified as the (010) and (0-10) faces by X-ray crystallography analysis. Hence, the dielectric constant of the depth direction along the b-axis was measured. A square plate crystal (5.4 × 4.8 × 0.7 mm long × wide × thick) was fabricated by coating the (010) and (0-10) top surfaces with a silver-based conductive paste, and enameled copper wires were attached to both top surfaces (Figure 7a,b) . The temperature dependence of the real part of the dielectric constant ε r was measured along the b-axis at 1 kHz (see the Experimental Section). The T-ε r curve revealed two step-like dielectric anomalies at around 3.4 and 3.9 • C upon cooling and then heating, respectively (Figure 7c ), in agreement with the DSC results (Figure 1 ). These results also indicate that the transition is a first-order structural phase transition. The SCSC phase transition should lead to an anomalous change in the dielectric constant. Millimeter-size square plate α-form crystals of enol-(S)-1 were obtained by slow evaporation of the 2-propanol solution at room temperature. The top surfaces were identified as the (010) and (0-10) faces by X-ray crystallography analysis. Hence, the dielectric constant of the depth direction along the b-axis was measured. A square plate crystal (5.4 × 4.8 × 0.7 mm long × wide × thick) was fabricated by coating the (010) and (0-10) top surfaces with a silver-based conductive paste, and enameled copper wires were attached to both top surfaces (Figure 7a,b) . The temperature dependence of the real part of the dielectric constant εr was measured along the b-axis at 1 kHz (see the Experimental Section). The T-εr curve revealed two step-like dielectric anomalies at around 3.4 and 3.9 °C upon cooling and then heating, respectively (Figure 7c ), in agreement with the DSC results ( Figure 1 ). These results also indicate that the transition is a first-order structural phase transition. The dielectric constant εr increased from 2.636 to 2.671 (+1.33%) on cooling from 5.7 °C to 1.3 °C (Figure 7c) . From the temperature dependence of the lattice constants in Figure 2 , the surface area of 
